Abstract Our previous studies demonstrated that specific polyamine analogues, oligoamines, down-regulated the activity of a key polyamine biosynthesis enzyme, ornithine decarboxylase (ODC), and suppressed expression of estrogen receptor alpha (ERa) in human breast cancer cells. However, the mechanism underlying the potential regulation of ERa expression by polyamine metabolism has not been explored. Here, we demonstrated that RNAi-mediated knockdown of ODC (ODC KD) down-regulated the polyamine pool, and hindered growth in ERa-positive MCF7 and T47D and ERa-negative MDA-MB-231 breast cancer cells. ODC KD significantly induced the expression and activity of the key polyamine catabolism enzymes, spermine oxidase (SMO) and spermidine/spermine N 1 -acetyltransferase (SSAT). However, ODC KD-induced growth inhibition could not be reversed by exogenous spermidine or overexpression of antizyme inhibitor (AZI), suggesting that regulation of ODC on cell proliferation may involve the signaling pathways independent of polyamine metabolism. In MCF7 and T47D cells, ODC KD, but not DFMO treatment, diminished the mRNA and protein expression of ERa. Overexpression of antizyme (AZ), an ODC inhibitory protein, suppressed ERa expression, suggesting that ODC plays an important role in regulation of ERa expression. Decrease of ERa expression by ODC siRNA altered the mRNA expression of a subset of ERa response genes. Our previous analysis showed that oligoamines disrupt the binding of Sp1 family members to an ERa minimal promoter element containing GC/CA-rich boxes. By using DNA affinity precipitation and mass spectrometry analysis, we identified ZBTB7A, MeCP2, PARP-1, AP2, and MAZ as co-factors of Sp1 family members that are associated with the ERa minimal promoter element. Taken together, these data provide insight into a novel antiestrogenic mechanism for polyamine biosynthesis enzymes in breast cancer.
Introduction
Enhanced levels of key polyamine synthesis enzyme ornithine decarboxylase (ODC) activity have been detected in several solid tumors [1, 2] . Studies have demonstrated the important roles of ODC in breast tumor development and metastasis [3, 4] . In estrogen receptor alpha (ERa) positive breast cancer cells, estradiol up-regulates ODC activity and increases the polyamine levels, which promotes cell proliferation [5] . Growth inhibition of MCF-7 cells by tamoxifen is associated with the down-regulation of polyamine biosynthesis [6] . ODC-overexpressing breast cancer cells and specimens showed suppressed expression of collagen and endostatin that promotes the invasion and metastasis of tumor cells [7] . These results suggest the importance of polyamine action in breast tumor progression and underscore the rationale of targeting polyamine metabolism as a potential intervention for breast cancer therapeutics.
Our studies have shown that long chain polyamine analogues, oligoamines, significantly down-regulate ODC activity, induce the polyamine catabolism enzyme, SSAT, and decrease the natural polyamine pools [8, 9] . Importantly, our data demonstrated that oligoamines effectively suppress expression and the ligand-dependent transcriptional activity of ERa, a principal determinant of breast cell growth [9] . Our studies also suggested that Sp1 transcription factor family members were involved in oligoamine-regulated ERa expression [9] . In this study, we designed experiments to address two important issues: (1) What is the role of ODC in regulating breast tumor cell growth? (2) What are the mechanisms by which ODC regulates the ERa gene transcription? To answer these questions, we define in depth the mechanisms of regulation of polyamine biosynthesis pathway on breast tumor cell growth and ERa expression. The results from these studies suggest that ODC plays an important role in the regulation of ERa expression and represents a potential therapeutic target in human breast cancer cells.
Materials and methods
Reagents and cell culture condition DFMO was obtained from Dr. Patrick Woster (Medical University of South Carolina). MCF7, T47D and MDA-MB-231 were cultured in DMEM medium (Mediatech, Herndon, VA) supplemented with 5 % FBS at 37°C with 5 % CO 2 .
siRNA transfection Oligomers of ODC siRNA1 (AACCCAGCGUUGGA CAAAUAC) and siRNA2 (AAGGAUGCCUUCUAU GUGGCA) were synthesized using Silencer siRNA construction kit (Ambion, Austin, TX) and transfected into cells with Lipofectamine RNAimax (Invitrogen, Carlsbad, CA) at 10 nM concentration.
Analysis of intracellular polyamine level and polyamine enzyme activity
The intracellular polyamine levels and ODC activity of siRNA or DFMO-treated and untreated cells were measured using cellular extracts as described previously [10, 11] . The enzyme activities of spermine oxidase (SMO) were assayed as described previously by using 250 lM spermine and N 1 -acetylspermine, respectively, as the substrate [12] .
Western blotting Cells were lysed in RIPA buffer and 20 lg of total proteins were fractionated on NuPAGE gels and transferred onto PVDF membranes. Primary antibodies against ERa, ODC and other target proteins were purchased from Millipore (Billerica, MA). Antibodies against AZI and AZ were kindly provided by Dr. Chaim Kahana at Weizmann Institute. A semi-quantification Odyssey Infrared Detection system was used to quantify the protein expression. Actin protein was blotted as a control.
Reverse transcription quantification PCR Total RNA was extracted using RNeasy Kit (Invitrogen). Reverse transcription was carried out using Superscript II reverse transcriptase (Invitrogen) [13] . Tetralink avidin resin for 1 h at 4°C. After heat denaturation, the proteins were fractionated on SDS-PAGE and silver stained. The silver-stained bands that appeared from the complex of wide-type oligonucleotides, not the mutant ones, were excised from the gel, and digested trypsin. Tryptic digests were loaded onto fused silica capillary column and separated with 80 % acetonitrile/0.5 % acetic acid and then loaded into an LCQ Deca XP ion trap mass spectrometer and analyzed at the Johns Hopkins proteomic core facility. 
Results
ODC KD down-regulated intracellular polyamines and induced expression of SMO and SSAT Treatment with ODC siRNA1 or siRNA2, or the combination decreased ODC mRNA expression in both MCF7 and T47D cells by *60 % (Fig. 1a ) and led to significant decrease of ODC protein expression (Fig. 1b ) and enzymatic activity (Fig. 1c) . Intracellular putrescine and spermidine levels were significantly decreased by both ODC KD and inhibitor, DFMO, whereas spermine level was decreased in the ODC KD cells but not in DFMO-treated cells (Fig. 1d ).
To address whether ODC KD-mediated gene silencing affects the activities of polyamine catabolic enzymes, the mRNA and protein expression of SMO and SSAT were assessed. ODC siRNA transfection induced mRNA expression of both SMO and SSAT (Fig. 2a, b) . Induction of SMO mRNA expression led to an increase of SMO protein expression and more than twofold of increase of enzymatic activity (Fig. 2c, d ). However, treatment with DFMO exerted marginal effect on either expression or activity of both SSAT and SMO, suggesting that loss of ODC protein rather than simple blockade of enzymatic activity leads to a more significant impact on activity of polyamine catabolism enzymes.
ODC KD inhibited growth and induced apoptosis
Treatment with ODC siRNA 1 or siRNA 2 or the combination for 48 h significantly blocked proliferation of MCF7 and T47D cells, whereas DFMO treatment failed to alter growth rate (Fig. 3a) . We next determined whether activity of apoptosis-regulatory proteins is involved in the mediation of ODC siRNA-induced cell death. As shown in Fig. 3b , ODC siRNA treatment induced Caspase 9 activation and PARP cleavage in both MCF7 and T47D cells without changing the expression of Fas-L, Caspase 8, Bax, or BCL-2.
ODC is involved in regulation of ERa expression and activity
To investigate the potential role of ODC in regulation of ERa expression and activity, western blot was performed to assess the protein expression of ERa in ODC KD cells and showed that ODC KD inhibited the ERa protein expression in both MCF-7 and T47D cells (Fig. 4a) , whereas the protein expression of other steroid receptors such as retinoic acid receptor b (RARb) and vitamin D receptor (VDR) were not affected by ODC KD (Fig. 4b) . Further, the expression of two ERa-regulated genes, progesterone receptor (PR) and cyclin D1 was also inhibited by ODC KD, suggesting that ODC depletion may specifically target ERa and its downstream genes (Fig. 4c) . Next, we investigated the effect of ODC KD on mRNA expression of ERa and its response genes using the breast cancer RT Profiler PCR array. As shown in Fig. 4d , depletion of ODC significantly decreased ERa mRNA expression, suggesting that down-regulation of ERa protein expression by ODC KD is caused by transcriptional repression. Further analysis showed that ODC KD decreased the mRNA expression of a subset of important growth-related genes that are associated with the ERa signaling pathway, including cyclin D1 (CCND1), GATAbinding protein 3 (GATA3), PR, heat shock protein beta-1(HSPB-1), Stanniocalcin 2 (STC2), and Keratin 18 and 19 (KRT18 and 19), etc. Interestingly, expression of ERb was also found to be inhibited by ODC depletion, suggesting a broad effect of ODC activity in regulation of expression of ER family members. In contrast, mRNA expression of complement component 3 (C3) and serine peptidase inhibitor A3 (SERPINA3) was induced by ODC KD.
Taken together, these results indicate that activity of ODC is extensively involved in regulation of activity of ERa and its downstream target genes in breast cancer cells.
Antizyme (AZ) binds to ODC and facilitates the degradation of AZ-ODC complex by the 26S proteasome in a non-ubiquitin-dependent manner [14, 15] . In this study, we investigated if AZ is involved in regulation of ERa expression. We observed that ODC KD slightly decreased AZ protein expression in MCF7 cells (Fig. 5a) . Overexpression of AZ by pERIRES-AZ plasmid diminished ERa expression in both AZ-overexpressing clones (MCF7-Flag-AZ-1 and MCF7-Flag-AZ-2) (Fig. 5b) , suggesting that binding and elimination of ODC by AZ leads to a similar result as ODC KD.
Identification of multi-protein complex at ERa minimal promoter
Our previous analysis showed that oligoamines dramatically inhibited the ERa promoter transcriptional activity within the -245 to -182 bp region, which contains the E, GC, and C/A rich boxes of binding sites for Sp1 transcription factor family [9] . To identify and monitor the recruitment of factors at the ER minimal promoter that are associated with Sp1 family, DAPA and mass spectrometry were performed. Five unique bands were recovered from wild-type probes which are absent from mutant counterparts (Fig. 6a) . By using mass spectrometry, the following proteins were identified from recovered samples: Specificity protein 1 and 3 (Sp1 and Sp3), zinc finger and BTB domain containing 7A (ZBTB7A), methyl CpG-binding protein 2 (MeCP2), poly(ADP-ribose)polymerase 1 (PARP-1), transcription activation protein 2 (AP-2), and Myc-associated zinc-finger protein (MAZ) (Fig. 6b) . The identification of these important factors suggests the likelihood that suppression of ERa mRNA expression by interference with polyamine metabolism may occur through disruption of the highly coordinated interaction between these regulatory factors at ERa promoter.
Role of AZI in regulation of ODC KD-induced growth inhibition
Since breast cancer is a highly heterogeneous disease, we further investigated and compared the effect of ODC on growth in ERa negative breast cancer cells. Both ODC siRNA and DFMO treatment in ERa negative MDA-MB-231 cells resulted in cell growth inhibition (Fig. 7a ) and depletion of intracellular spermidine level by 85 % ( Table 1 ). The addition of a lower concentration of exogenous spermidine (2 lM) partially restored the intracellular spermidine reduced by ODC KD, whereas higher concentration of spermidine (5 lM) fully restored the spermidine (Table 1) . In contrast to ODC siRNA treatment, DFMO treatment-induced depletion of spermidine was only partially restored by a high concentration of spermidine (5 lM) without changing putrescine and spermine levels (Table 1) . Interestingly, exogenous spermidine could not rescue ODC KD-mediated growth inhibition, but reversed growth inhibition caused by DFMO treatment (Fig. 7a) . These data suggest the possibility that the loss of ODC protein may induce cell growth inhibition through polyamine independent pathways in addition to its regulation of polyamine metabolism. To validate this hypothesis, MDA-MB-231 cells were stably transfected with antizyme inhibitor (AZI) to examine if AZI could counter the effects of ODC siRNA. AZI is a protein highly similar to ODC. AZI binds to ODC-AZ and stabilizes ODC structure, thus inhibiting AZ-mediated ODC degradation [16] . Clone AZI-20 expressed the highest level of AZI and overexpression reduced protein expression of AZ as expected (Fig. 7b) . However, AZI did not counter the inhibitory effect of ODC siRNA on cell growth (Fig. 7c) . Moreover, AZI has also been reported to bind to and stabilize cyclin D1 [17] . Therefore, we investigated the effect of AZI overexpression on cyclin D1 stabilization. Overexpression of AZI failed to alter cyclin D1 protein expression in MDA-MB-231 cells (Fig. 7d, e) . Taken together these data suggest that the ODC-AZ complex, or the ODC protein itself, may regulate breast tumor cell growth through both polyamine-dependent and independent pathways. 
Discussion
In recent work, we have shown that long chain polyamine analogues, oligoamines, affect expression and activity of a subset of important growth-related genes, whose activity is closely involved in cell cycle regulation and apoptosis [8, [18] [19] [20] . ERa is among these genes, and its expression and activity are significantly suppressed by oligoamines [9] . In this study, we observed that ERa mRNA and protein expression were markedly suppressed by ODC siRNA. Importantly, we demonstrated that loss of ODC altered the expression of a subset of the important growth-related genes that are associated with the ERa signaling pathway. These observations suggest that ERa is an important target of ODC. This hypothesis was further supported by the finding that overexpression of AZ inhibits ERa expression and exogenous spermine can reverse oligoamine-induced down-regulation of ERa protein expression (data not shown).
Our demonstration that loss of ODC suppresses ERa mRNA expression provides new evidence that the polyamine biosynthetic enzyme plays a role in regulation of b The mass spectrometry analysis was carried out to identify factors that bind to ERa minimal promoter element other transcription factors, such as Sp1 or NF-jB [21] [22] [23] [24] . MeCP2 together with MBD1/2/3/4 comprise a family of nuclear proteins that is involved in regulation of DNA methylation [25, 26] . Previous studies by our and other labs have demonstrated a close association of MeCP2 with ERa promoter which is critical for ERa expression [26, 27] . PARP-1 plays an important role in the DNA repair pathway and its inhibitors have been explored as novel therapeutic agents for the treatment of hereditary breast cancers harboring mutations of BRCA1/2 [28] . Future studies will focus on how change of polyamine levels and/or the loss of ODC protein affect the DNA binding activity of the newly identified regulatory factors to the ERa promoter region. DFMO has demonstrated considerable promise in clinical chemoprevention trials validating the polyamine pathway as an important clinical target [29, 30] . Unfortunately, the encouraging preclinical results did not translate well into the clinical setting when DFMO was tested as a chemotherapeutic agent [31] . This is probably due to low efficiency of drug transport, rapid turnover of the target, and compensatory increase in the uptake of polyamines from circulation [32] . Thus the continued search for more effective agents that interfere with polyamine metabolism is necessary. We observed in this study that treatment with exogenous spermine or overexpression of AZI failed to rescue the growth inhibition by ODC KD suggesting that ODC-AZ may regulate cell proliferation through at least one other partner protein, which is functionally substituting for AZ. Identification of the precise mechanisms by which ODC is regulated would aid in development of more effective agents in targeting ODC in breast cancer treatment.
In summary, the results of these studies augment our understanding of the molecular mechanisms for phenotypespecific regulation of ERa by polyamine biosynthesis enzyme.
